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Viral genotype displacement events are characterized by the replacement of a previously dominant virus
genotype by a novel genotype of the same virus species in a given geographic region. We examine here
the ﬁtness of three pairs of infectious hematopoietic necrosis virus (IHNV) genotypes involved in three
major genotype displacement events in Washington state over the last 30 years to determine whether
increased virus ﬁtness correlates with displacement. Fitness was assessed using in vivo assays to
measure viral replication in single infection, simultaneous co-infection, and sequential superinfection in
the natural host, steelhead trout. In addition, virion stability of each genotype was measured in
freshwater and seawater environments at various temperatures. By these methods, we found no
correlation between increased viral ﬁtness and displacement in the ﬁeld. These results suggest that other
pressures likely exist in the ﬁeld with important consequences for IHNV evolution.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Infectious hematopoietic necrosis virus (IHNV) is a single-
stranded, negative-sense RNA virus and a member of the Rhabdo-
virus family. IHNV, endemic within both wild and cultured host
populations, establishes acute, lethal infection in juvenile Paciﬁc
salmonids and results in signiﬁcant losses to hatchery programs
and aquaculture industries every year. Over the last 15 years
genetic characterization of over 2000 virus isolates from western
North America has led to a greater understanding of the move-
ment and evolution of this virus throughout the region (Troyer
and Kurath, 2003; Troyer et al., 2000; Kurath et al., 2003; Garver
et al., 2003; Emmenegger et al., 2000; Breyta et al., 2013). Three
major genogroups of IHNV in North America have been deﬁned: U,
M, and L, with a maximum of 8.6% nucleotide diversity between
groups (Kurath et al., 2003). Isolates are assigned a major gen-
ogroup and a speciﬁc genotype within that genogroup, based on
the sequence of a 303 nucleotide region within the viral glyco-
protein gene. The three North American genogroups have well-
deﬁned spatial and host ranges with some overlap (Kurath et al.,
2003).
Genogroup M causes disease predominantly in rainbow and
steelhead trout (Oncorhynchus mykiss), in the Columbia River
basin, which is a large, complex watershed that extends through
much of Washington state, central Idaho, and northern Oregon
(Fig. 1). Within the M genogroup of IHNV, a series of virus
genotype displacement events has been observed within popula-
tions of steelhead trout in the Columbia River basin (Garver et al.,
2003), and more recently on the Washington state coast (Breyta
et al., 2013) (Fig. 1). Displacement events are characterized by
replacement of a previously dominant virus genotype with a novel
genotype in a given region. Dominant IHNV genotypes were
deﬁned as those genotypes associated with the highest number
of viral “events” for a given period of time (season or year), where
events are deﬁned by features such as collection site, host species,
host age, and seasonal timing (Breyta et al., 2013). Therefore, a
genotype that was isolated from more sites, individual hosts, and
over more years was determined to be the dominant genotype for
that time period. Here we address three historical displacement
events of previously dominant IHNV genotypes.
From 1980 to 1994, genotype mG007M (hereafter referred to
as 007) was dominant in the Columbia River basin at multiple
locations, with the last known detection in 1994 (Kurath et al.,
2003). Genotype 007 was displaced by genotype mG111M (here-
after referred to as 111), ﬁrst detected in the lower Columbia River
basin in 1994 and then remained the dominant genotype until
1999. Genotype 111 was then displaced by genotype mG110M
(hereafter referred to as 110), which was ﬁrst detected in the
Columbia River basin in 2002, and remains the dominant M
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genogroup virus, despite the detection of other IHNV M genogroup
variants (Breyta et al., 2013). Genotype 110 was also responsible
for a major emergence event of IHNV M in previously naïve
steelhead trout on the Washington coast from 2007 to 2009
(Breyta et al., 2013). In 2009, genotype 110 was displaced on the
Washington coast by genotype mG139M (hereafter referred to as
139), which became the dominant coastal genotype from 2009 to
2011 (Breyta et al., 2013).
These displacement events observed for M genogroup IHN viruses
are similar to displacement events reported for other vertebrate RNA
viruses, including dengue, rabies, measles, West Nile, and chikungu-
nya viruses (Carrillo-Valenzo et al., 2010; Davis et al., 2005;
Tsetsarkin et al., 2011; Davis et al., 2013; Nojiri et al., 2008; Li
et al., 2010; Vu et al., 2010). Numerous theories have been
postulated to explain such events including, but not limited to,
genetic drift resulting from stochastic processes, bottlenecks or
founder events, antigenic variation to escape host immunity,
changes in host speciﬁcity, and changes in viral replication ﬁtness
or transmission ﬁtness. While some groups have found positive
correlations between displacement events and viral ﬁtness
(Armstrong and Rico-Hesse, 2003; Hanley et al., 2008;
Lambrechts et al., 2012; Moudy et al., 2007; Tsetsarkin and
Weaver, 2011), others have determined that differences in ﬁtness
could not explain these events (Myat Thu et al., 2005; Lourenco
and Recker, 2010; OhAinle et al., 2011). As such, there is a need to
investigate additional host–pathogen systems to determine the
range of factors that may be driving viral displacement events.
Here we examined what role viral ﬁtness may have played in
three IHNV displacement events observed in the ﬁeld. We mea-
sured a suite of ﬁtness traits for four virus isolates representative
of the four genotypes involved. These ﬁtness traits included in vivo
quantiﬁcation of the replication kinetics, host interferon-induced
Mx-1 expression during single infections, and the ability to
replicate in co-infection and superinfection contexts. All in vivo
ﬁtness assays were conducted in the natural host, steelhead trout.
We also measured the environmental stability of each genotype
outside the host in freshwater and seawater at three temperatures.
Differences between the four genotypes were assessed as three
pairs representing the three known displacement events, in order
to determine whether differences in overall viral ﬁtness correlate
with the sequential displacements observed in the ﬁeld.
Results
In-host virus replication kinetics and host Mx-1 gene expression
To determine the in-host replication kinetics of each genotype, we
measured total viral load in individual ﬁsh infected with single
genotypes over seven days post-infection (Fig. 2a). The four genotypes
were quantiﬁed independently but the data is presented in Fig. 2(a) as
genotype pairs. Genotypes in displacement pairs 1 (007 and 111) and 3
(110 and 139) showed comparable 7 day replication proﬁles. However,
ﬁsh exposed to the genotypes in displacement pair 2 (111 and 110) had
signiﬁcantly different viral loads during the ﬁrst four days following
infection (p¼0.0306), with the displaced genotype 111 reaching peak
levels more quickly than genotype 110. Peak viral load in ﬁsh exposed
to genotype 111 was 7.5 log virus copies/g of ﬁsh on day 3, whereas
genotype 110 reached this same peak value on day 6.
Because the kinetics of viral growth could be affected by the level
of innate immune stimulation induced by each genotype, we exam-
ined the induction of the type I interferon stimulated gene, Mx-1, in
the same ﬁsh for which viral load was quantiﬁed (Fig. 2b). For IHNV
infection in rainbow trout, it has been thoroughly documented that,
within the ﬁrst few days of infection, the host response is dominated
by a strong induction of numerous interferon-stimulated genes,
including Mx-1 (Purcell et al., 2012). In addition, pre-treatment of
rainbow trout with injection of Poly(I:C), a TLR-3 agonist, offers
signiﬁcant protection from infection and mortality following challenge
with IHNV (Kim et al., 2009). For displacement pair 1, Mx-1 expression
in ﬁsh exposed to genotype 007 was signiﬁcantly higher than that in
ﬁsh exposed to genotype 111 at day four post-infection, but not on any
other day. For displacement pair 2, ﬁsh exposed to genotype 111
demonstrated a stronger Mx-1 induction at days 1–3 than ﬁsh
exposed to genotype 110. For displacement pair 3, Mx-1 induction
following infection with genotype 110 or 139 did not differ over the
7-day period. Thus Mx-1 expression generally tracked with viral load
proﬁles as previously observed in this host:virus system (Penaranda
et al., 2011; Purcell et al., 2009, 2011).
Co-infection ﬁtness
To determine the competitive in-host replication ﬁtness of
displacement pair isolates, we challenged groups of ﬁsh by
007 111 110
110 139
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2007-2009 2010-2012
ID.
OR.
Columbia River
Fig. 1. Genotype displacement events in the lower Columbia River basin and Washington state coast. The Columbia River basin located in Washington (WA), Idaho (ID), and
Oregon (OR). Arrows represent dominant genotypes present in each region. Dates of dominance are shown below arrows.
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immersion in water with either single genotypes or a 1:1 mix of
two virus genotypes representing each of the three displacement
pairs. We then determined mean viral load of each genotype three
days post-infection (Fig. 3). For the ﬁrst displacement pair, we
observed no statistically signiﬁcant differences between the repli-
cation of genotypes 007 and 111 in either single or co-infection
contexts (F1,163¼3.33, p¼0.1884) (Fig. 3a). However, a signiﬁcant
overall competition effect was observed, indicating that the
replication of both genotypes was signiﬁcantly suppressed in co-
infection (competition main effect: F1,163¼8.24, p¼0.011). For the
second genotype pair (111 and 110), we observed no difference in
the levels of replication between the two genotypes (genotype
main effect: F1,108¼0.6408, p¼1), but there was again a statisti-
cally signiﬁcant reduction in viral load for each genotype in co-
infection compared to single infection (competition main effect:
F1,108¼28.625, po0.001) (Fig. 3b). For the third genotype pair,
total viral load for genotype 110 was signiﬁcantly higher than viral
load for genotype 139 in both single infection and co-infection
contexts (genotype main effect: F1,210¼23.89, po0.001) (Fig. 3c).
In addition, a statistically signiﬁcant reduction in viral load was
observed for both genotypes in co-infection compared to single
infection (F1,210¼15.34, po0.001). The statistical power of each of
the tests presented in this section ranged from 0.95 to 1.
For all three genotype pairs, competitive suppression was
observed in which all genotypes performed worse in co-infection
than alone. However the level of competitive suppression did not
differ between genotypes (competition genotype interaction), sug-
gesting that all genotypes were suppressed to a similar degree. For all
three genotype pairs examined, the genotype which was displaced in
the ﬁeld replicated to higher mean levels than the displacing
genotype. While this trend was only statistically signiﬁcant for the
third genotype pair (110 and 139), these observations directly
contradict the hypothesis that genotype displacement events corre-
late with increasing co-infection replication ﬁtness.
Superinfection ﬁtness
We also examined the ﬁtness of each genotype in a super-
infection context using a recently published in vivo superinfection
ﬁtness assay (Kell et al., 2013). The relative ability of each genotype
to establish secondary infection was measured by determining the
frequency of superinfection in reciprocal groups of ﬁsh sequen-
tially exposed to each displacement genotype (Fig. 4, Tables S2–
S4). Independent assays were conducted with delay intervals of
24, 48 and 96 h between primary and secondary virus exposures.
For all genotype pairs, we observed a decrease in the percent of
ﬁsh superinfected as the time interval between exposures
increased. In ﬁsh that were not superinfected, almost all were
infected only with the virus genotype used for primary infection.
These observations are consistent with our previous report of
superinfection restriction in this host–pathogen system (Kell et al.,
2013). For almost all treatments tested, superinfection was
observed at a signiﬁcantly lower frequency than predicted based
on single infection control groups within the same experiment
(Tables S2–S4). The exception was the 24 h interval exposures,
where signiﬁcant differences resulted from greater observed
superinfection frequency than expected. Therefore, superinfection
restriction occurred after 48 and 96 h between exposures but not
24 h, for all of the displacement pairs.
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Fig. 2. Viral growth kinetics and Mx-1 induction in single infections with displacement genotypes. (A) Mean log viral load (7SEM) in rainbow trout following single
exposure with genotype 007 (blue diamonds) 110 (orange squares), 111 (green circles), or 139 (purple triangles). Horizontal dotted line indicates detection levels. Four
genotypes were tested and analyzed independently, but data is shown pairwise to illustrate relevant displacement pair comparisons. (B) Mean normalized Mx-1
transcription fold changes, relative to mock-control group, in same ﬁsh shown in viral load curves (2A).
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For displacement pairs 1 (007 and 111) and 3 (110 and 139), no
statistical differences were observed in the frequencies of super-
infection between reciprocal exposure groups at any time interval
tested (Tables S2 and S4, Fig. 4a, c). In other words, the frequency
of superinfection did not depend on which virus genotype was
used for primary infection. For displacement pair 2 (111 and 110)
there were no differences at 24 or 96 h intervals, but a statistically
signiﬁcant difference in the frequency of superinfection was
observed for the 48 h interval, depending on which genotype
came ﬁrst (Fisher exact test, po0.001) (Table S3, Fig. 4b). A
signiﬁcantly higher proportion of ﬁsh exposed ﬁrst to genotype
110 were superinfected, compared to those exposed to genotype
111 ﬁrst, such that no ﬁsh were superinfected in the group
exposed to genotype 111 before 110. Thus, genotype 111, in this
case the displaced genotype in the ﬁeld, appeared to have a
signiﬁcant advantage in establishing secondary infection after a
48 h interval period. Due to the striking nature of this result, this
experiment was repeated with a 48 h interval between exposures
(Table S3). When repeated, the frequency of superinfection was
again signiﬁcantly lower when 111 came ﬁrst than that of the
reciprocal superinfection treatment group; however, the differ-
ence was less pronounced in that genotype 110 did occasionally
establish secondary infection (Table S3).
We next examined the ability of each genotype to replicate in
superinfected ﬁsh by comparing the viral load of each genotype in
superinfection to the viral load measured in ﬁsh singly infected with
the same genotype at the same exposure period. The values obtained
for all experiments are shown in Fig. 5. For all genotypes and intervals
tested, the genotype used for primary infection reached similar viral
loads in superinfected ﬁsh compared to the viral load reached in
single infection at the same exposure period. In contrast, the genotype
used to establish secondary infection reached signiﬁcantly lower viral
loads in superinfection than in single infection (competitionorder
interaction, po0.001). The effect of superinfection on the ability of
the secondary virus to replicate within a superinfected host was not
signiﬁcantly different between any of the genotypes within the pairs
tested (genotype:competition interaction, p40.05) (Fig. 5). The
statistical power of each of the tests presented in this section ranged
from 0.82 to 1, with the exception of the competition order
interval interaction for genotype pair 2 which lacked a 48 h interval in
the analysis and thus could not be conducted. As such, the displaced
and displacing genotypes did not differ in superinfection ﬁtness as
measured by within host replication.
Environmental stability
For IHNV, there is no known vector and horizontal waterborne
transmission is thought to be the predominant route of infection
between infected and naïve salmonids. Therefore, the stability of
the virus in water outside the host is critical to maintaining the
infection cycle within and between host populations. Virion
stability was tested in four separate environments designed to
mimic the normal range and extremes of aquatic environments
encountered by this virus. The temperatures chosen for each water
type are commonly found in freshwater rivers or ﬁsh farms (10 1C
and 15 1C), and in seawater (4 1C and 10 1C), below or at the
surface of the Paciﬁc Ocean. Previous reports have demonstrated
that sterilization or ﬁltration of water can increase the stability of
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Fig. 3. Mean viral loads in co-infection ﬁtness assays. Mean viral loads (log virus
copies/g ﬁsh) 7SEM for two experiments for each treatment group from assays of
(A) genotypes 007 and 111, (B) genotypes 111 and 110, and (C) genotypes 110 and
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asterisk (n) indicates corrected po0.05.
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analyzed by Fisher exact test with Bonferroni correction, asterisk (n) indicates
corrected po0.05.
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IHNV, or the related rhabdovirus VHSV, likely due to removal of
proteolytic enzymes associated with resident bacteria (Pietsch and
Miller, 1977; Hawley and Garver, 2008; Garver et al., 2013). Thus,
to best mimic the environment seen by the virus in the ﬁeld, the
water collected here was not treated or ﬁltered, and thus con-
tained the natural microbiota from those environments.
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For these assays, the quantity of infectious virus was measured
over time by plaque assay, and mean log titers obtained for three
experimental replicates in each condition for each genotype are
shown in Fig. 6. To compare the stability of each virus genotype in
each condition, virus decay rates were calculated by ﬁtting
temporal exponential decay curves to the data points for each
genotype in each condition separately. Decay rate constant (k), 95%
conﬁdence intervals, and correlation coefﬁcient (R2) for each
sample are found in Table 1. Overall, high R2 values indicate a
good ﬁt for the least squares model in determining the decay rate
constants for most samples. However, variability in ﬁt was
observed, especially for samples in seawater held at 4 1C.
Overall, decay rates were the lowest in seawater held at 4 1C, which
averaged around 0.92 ln(pfu mL1)/day, and the highest in seawater
held at 10 1C, which averaged around 4.25 ln(pfu mL1)/day (Table 1).
In seawater at 4 1C, signiﬁcant differences in stability between the
genotypes were not observed. For samples held in seawater at 10 1C,
genotypes 007 and 111 were signiﬁcantly more stable than genotypes
110 and 139, but not different from one another. Similarly, when held
in freshwater at 10 1C, genotypes 007, 110, and 111 were signiﬁcantly
more stable than 139 particularly at later time points, but did not differ
signiﬁcantly from each other. Finally, in freshwater held at 15 1C,
genotypes 007 and 110 had greater stability than both genotypes 111
and 139. While the results for stability were variable between
conditions, genotype 139 was always found to have a relatively high
decay rate, while genotype 007 demonstrated a lower decay rate in all
conditions tested. Overall, we observed that water type and tempera-
ture were greater predictors of inactivation than was genotype. Lower
water temperatures led to lower inactivation rates for all genotypes
and virions remained infectious for longer in freshwater compared to
seawater. Although these results are interesting, they do not suggest
that differences in stability between these genotypes correlate with
displacement.
Discussion
Observed IHNV genotype displacement events in the lower
Columbia River basin and Washington state coastal region led us
to investigate whether differences in viral ﬁtness could explain
such events. Virus ﬁtness measures assessed include replication
kinetics in single infections, competitive ﬁtness in co-infection,
ﬁtness in superinfection, and stability of infectious particles in
water of varying salinity and temperatures. Overall, very few
differences in within-host viral ﬁtness were observed between
genotypes. For the ﬁrst displacement pair, genotypes 007 and 111,
we observed no differences in any ﬁtness measures tested. By
almost all measures, genotypes involved in the second displace-
ment event, 111 and 110, were also concluded to be of equal
ﬁtness. The exception was that the relative ability to establish or
restrict secondary infection was signiﬁcantly higher for genotype
111 than genotype 110 with a 48 h interval between exposures.
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Fig. 6. Stability of displacement genotypes in water of varying salinity and temperature: (A) seawater at 4 1C, (B) seawater at 10 1C, (C) freshwater at 10 1C, or (D) freshwater
at 15 1C. Each point represents average titer for three replicate plaque wells for each of three replicate water samples, shown as log plaque forming units (pfu) per mL of
water (7SD) for each genotype, 007 (blue), 111 (orange), 110 (green), 139 (purple), and mock (black). Red dotted line represents limit of detection.
Table 1
Stability of displacement genotypes in environmental conditions.
Temperature (1C) Water Genotype k795% C.I. (d1)a R2
4 Seawater 007 0.7870.12 0.89
4 Seawater 111 0.7670.22 0.70
4 Seawater 110 1.1870.43 0.60
4 Seawater 139 0.9670.44 0.50
10 Seawater 007 2.9970.56 0.90
10 Seawater 111 3.5570.67 0.89
10 Seawater 110 4.8670.88 0.91
10 Seawater 139 5.6170.69 0.96
10 Freshwater 007 1.0870.30 0.70
10 Freshwater 111 1.5070.55 0.56
10 Freshwater 110 1.1370.30 0.71
10 Freshwater 139 1.9770.43 0.80
15 Freshwater 007 1.9370.41 0.85
15 Freshwater 111 2.7770.89 0.73
15 Freshwater 110 1.8770.60 0.73
15 Freshwater 139 2.6570.55 0.87
a k represents the decay constant for each genotype in each condition. A larger
k value indicates lower stability. Signiﬁcant differences are determined by non-
overlapping conﬁdence intervals (C.I.).
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However, it is important to note that in this measure, the displaced
genotype had higher ﬁtness. For the third displacement pair (110
and 139), of all the ﬁtness traits examined, only a signiﬁcant
difference in co-infection ﬁtness was observed, such that genotype
110 replicated to higher viral loads than genotype 139 in single
and mixed infections. Again, this result suggested that the dis-
placed genotype had higher ﬁtness. While signiﬁcant differences
in replication between these two genotypes was not observed
during the single infection kinetics assays, this apparent contra-
diction could be explained by the lower statistical power of the
kinetics assays compared to the co-infection assays. Ultimately, in
the few cases where in vivo ﬁtness differences were observed, the
genotype responsible for displacement was determined to have
lower ﬁtness than the displaced genotype. These results suggest
that the ﬁtness parameters measured in this study do not correlate
with displacement.
While the results presented here do not support the hypothesis
that increased viral ﬁtness is associated with IHNV displacement
events, further investigations into other aspects of viral ﬁtness are
warranted to fully evaluate the overall ﬁtness of these genotypes
in steelhead trout. Importantly, very subtle difference in ﬁtness
could have strong effects in the ﬁeld. For this reason, careful
design of experiments to capture the points during infection most
critical to determine differences in ﬁtness is essential. For example,
genotypes responsible for displacement may have an increased
ability to shed into the surrounding water, and thus greater
transmission ﬁtness. In addition, genotypes responsible for dis-
placement may exhibit an increased potential for long-term
persistence within the infected host, potentially increasing the
duration and distance of transmission between infected and
susceptible hosts. It remains unclear whether infected adults
return to spawning grounds carry persistent viral infections or
become infected during return migration in freshwater. Therefore,
studies deﬁning the persistence of each genotype within the host
following infection are underway. The development of host
resistance or herd immunity to previously dominant virus types
also cannot be ruled out as explanations for these observed
displacement events, although genetic distance between virus
pairs is low and host immunity is broadly protective against IHNV
types. Importantly, external factors such as host population
structure changes, changes in animal husbandry practices, large-
scale ecosystem changes that affect the movement of hosts within
the environment, adaptation to new environmental conditions,
and stochasticity could also have resulted in displacement events
from founder effects. Thus, further investigations will be con-
ducted to provide a greater understanding of the selection
pressures driving the evolution of this virus in the ﬁeld.
The virulence trade-off hypothesis would suggest that a sig-
niﬁcant ﬁtness advantage may exist for virus genotypes of lower
virulence resulting from a potentially prolonged transmission
stage when infection does not quickly lead to death as would be
expected for a high virulence genotype. We have extensively
tested this hypothesis in our system and continue to investigate
the ﬁtness costs or beneﬁts to virulence. Importantly, we have
found no advantage to lower virulence by examining entry, in-host
replication, and transmission potential (Wargo et al., 2010; Wargo
and Kurath, 2011). While not within the scope of this study, we
have also examined the virulence of the genotypes tested here and
preliminary analyses suggest that virulence may increase with
time. While these experiments are still ongoing, this suggests that
a ﬁtness advantage to lower virulence would also not explain
these displacement events.
For the experiments discussed here, we used a single virus
isolate to represent each genotype involved in the ﬁeld displace-
ment events. We cannot rule out the possibility that the isolates
chosen do not accurately represent the genotypes examined.
However, the isolates used were chosen from major IHNV epi-
demic events and contain the dominant genotypes circulating in a
region before displacement occurred. Therefore, they represent
the most relevant virus types for detection and ﬁsh health
management. Further, because the results of all ﬁtness assays
demonstrated no correlation between ﬁtness and displacement,
we conclude that ﬁtness cannot be the only driving factor in these
events.
For these studies, the host population comes from the brood-
stock of steelhead trout native to Lake Quinalt on the Olympic
Peninsula in Washington state. This population was selected from
the geographic range of the third displacement genotype pair (110
and 139). Prior to the emergence of IHNV in coastal Washington in
2007, this population was naïve to IHNV M genogroup viruses, so
potential differences in ﬁtness are not likely to be confounded by
genetically selected host resistance (Breyta et al., 2013). However,
it is possible that ﬁtness differences may be observed in geneti-
cally distinct populations of steelhead trout from another region.
Such studies are beyond the scope of this work, but currently
under exploration to investigate host genetic determinants of
susceptibility to infection.
In light of the ﬁndings presented here, we considered more
carefully the speciﬁc circumstances surrounding each displace-
ment event to suggest possible alternative explanations. In the
second displacement event, genotype 110 emerged in the lower
Columbia River basin in 2002. Between 1999 and 2001, none of the
viruses detected in this region were found to belong to the M
genogroup of IHNV (Kurath and Emmenegger, 2006). This lull in M
group virus detection could indicate that direct competition
between genotypes 111 and 110 may not have occurred and that,
instead, genotype 110 was able to establish its dominance in the
region at a time when no other M genotype had ﬁlled this niche. It
is, therefore, possible that, with this temporal gap, the disappear-
ance of genotype 111 and the emergence of 110 are two indepen-
dent events and therefore, viral ﬁtness might not be expected to
correlate with displacement.
In contrast to these temporal considerations, spatial factors
may be relevant to the third displacement event in which
genotype 139 displaced 110 in Washington coastal rivers. Geno-
type 139 was detected in the Columbia River basin at two hatchery
facilities between 2003 and 2005, but genotype 139 never reached
dominance over genotype 110 in this region and has not been
detected in the basin since 2005 (Kurath and Emmenegger, 2006).
Thus, the displacement of 110 by 139 that occurred on the
Washington coast did not happen in the Columbia River basin,
indicating that external factors beyond speciﬁc viral phenotypes
may be responsible for the displacement on the coast. In this case,
the differences in viral ﬁtness observed here correlate with the
lack of displacement in the lower Columbia River basin. Further
investigations are underway to determine other potential external
factors that may have impacted these displacement events.
In summary, the results presented here do not support the
hypothesis that these IHNV displacement events are associated
with increased viral ﬁtness for in-host replication in single infec-
tion, co-infection or superinfection, suggesting instead the impor-
tance of other factors in IHNV displacement. While differences in
viral ﬁtness have helped to explain emergence and displacement
of other viral species in the literature, the ﬁnding that ﬁtness does
not always correlate with such events is also important. This
ﬁnding indicates that other stochastic factors or selective pres-
sures exist that have not been examined, but which may be
important to explain IHNV displacement events. This work was
conducted as part of a larger ongoing project to develop a
landscape-scale epidemiological model for IHNV transmission
and spread. In combination with ﬁeld data and other empirical
data on host and viral factors that may impact IHNV epidemiology,
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this model may provide important insights into the causes of IHNV
viral displacements in the future.
Materials and methods
Ethics statement
All animal procedures completed in accordance with recom-
mendations by the American Association for Laboratory Animal
Science and approved under University of Washington IACUC
protocols.
Viruses and host
Four genetically distinct IHN virus isolates (referred to as
genotypes) were used. These isolates are herein referred to as
007 (isolate LR80), 111 (isolate Mer95), 110 (isolate Qts07), and 139
(isolate DW09) because they were chosen to represent the four
genotypes (mG007M, mG111M, mG110M, and mG139M, respec-
tively) associated with displacements. Isolate LR80 was originally
obtained from adult Chinook salmon in the Columbia River basin
in 1980 and has been previously described (Nichol et al., 1995).
Isolates Mer95 and DW09 were from steelhead trout in Columbia
River basin and were provided by Joan Thomas (Washington
Department of Fish and Wildlife) and Marilyn Blair (U.S. Fish and
Wildlife Service), respectively. Qts07 was obtained from juvenile
steelhead trout in a Washington coastal river and was provided by
Jan Gleckler (Northwest Indian Fisheries Commission). Viruses
were propagated on cyprinid ﬁsh epithelioma papulosum cyprini
(EPC) cells, quantiﬁed by high accuracy plaque assay, and stored at
80 1C (Wargo et al., 2010).
The in vivo experiments were performed using juvenile, 1–2 g,
Lake Quinault steelhead trout, obtained as eyed eggs from the
Quinault National Fish Hatchery located on the Olympic Peninsula
in Washington State, USA. This population of ﬁsh represents a wild
(hatchery-reared) host population in which the third displacement
event was observed. Juvenile ﬁsh were maintained in sand-
ﬁltered, UV-irradiated, lake water at 10 1C. All experiments were
performed using ﬁsh from brood year 2012, except the repeated
superinfection experiment performed with genotypes 111 and 110
at the 48 h interval, which was performed with ﬁsh from brood
year 2013. All experiments were conducted in water at 10 1C,
because this is believed to most closely mimic natural conditions
in the ﬁeld.
Co-infection ﬁtness assay
Co-infection ﬁtness was assessed as previously described
(Wargo et al., 2010; Troyer et al., 2008). Brieﬂy, 3 groups of 28
randomly sampled ﬁsh were challenged by immersion in batch in
static water for 12 h with either a single genotype, or a mixed
infection with two genotypes at a 1:1 ratio, at a challenge dose of
1104 pfu mL1 of each genotype. A group of 6 ﬁsh were mock
challenged with virus-free media. Individual ﬁsh were then
separated into beakers containing 400 mL static water, held for
72 h, and then euthanized and stored at 80 1C.
Superinfection ﬁtness assay
Superinfection ﬁtness assays were performed as described
previously (Kell et al., 2013). Brieﬂy, for each experiment 79 ﬁsh
were separated into individual 1.5 L tanks in a stand-alone tower
system (Aquatic Habitats). We utilized 8 treatment groups: reci-
procal superinfection groups of 15 ﬁsh each, single infection
control groups of 9 ﬁsh at each exposure period (primary or
secondary), a co-infection control group of 9 ﬁsh, and mock-
exposed groups of 4 ﬁsh at each exposure period. Viral challenge
dose was 2105 pfu mL1 for each genotype, and each challenge
period (primary and secondary) was 12 h. Three independent
assays were performed for each genotype pair, with a 24, 48 or
96 h time interval between sequential exposures to each genotype.
All ﬁsh were held in ﬂowing water for 72 h following the
completion of secondary challenge, and then euthanized and
stored at 80 1C until RNA extraction. Mortalities which occurred
during the experiment were not included for analysis and
evaluation.
Challenges for in-host viral replication kinetics and Mx-1 gene
expression
Performed as described previously (Kell et al., 2013) using
duplicate groups of 20–25 ﬁsh challenged in batch with each of
the four virus genotypes via 12 h static immersion in 1 L of water
containing a dose of 1104 pfu mL1. A group of 24 ﬁsh was
mock-challenged. Fish were then separated into individual bea-
kers. Five ﬁsh from each virus treatment group and three ﬁsh from
the mock treatment group were harvested every day for seven
days, and stored at 80 1C until RNA extraction.
Viral load quantiﬁcation
Total RNA extraction from individual whole ﬁsh and reverse
transcription using random hexamer and oligo-dT primers was as
previously described (Wargo et al., 2010). Viral load was deter-
mined by quantitative PCR (Kurath and Emmenegger, 2006), using
newly developed genotype-speciﬁc assays targeting either the
virus glycoprotein (G) gene for displacement pairs 1 and 2, or
the non-virion (NV) gene for displacement pair 3 (see Supple-
mentary Table S1). Absolute quantiﬁcation was achieved by using
control RNA transcripts of the G or NV genes of each genotype to
generate an 8-step standard curve for each assay (Wargo et al.,
2010). The development of viral RNA transcripts was performed as
previously described (Wargo et al., 2010; Purcell et al., 2006).
Validation of each assay involved determining reliable quantiﬁca-
tion of target virus template within a range of 108–101 copies in
the presence of up to 108 copies of non-target virus template, thus
ensuring accurate quantiﬁcation of target virus within a ﬁsh
infected with both virus genotypes. We report viral load data as
total viral RNA copies per gram of host tissue (Purcell et al., 2004).
Measurement of Mx-1 induction
The cDNA derived from individual whole ﬁsh used for the viral
replication kinetics experiments was also used for qPCR analysis of
rainbow trout Mx-1 transcription in IHNV infected versus mock
infected ﬁsh as previously described (Purcell et al., 2004). The
expression level of Mx-1 was normalized against the expression
level of acidic ribosomal phosphoprotein P0, and a ΔΔCt analysis
was performed by calculating Mx-1 gene transcript level fold
change in infected ﬁsh relative to levels in mock-infected control
groups, as previously described (Purcell et al., 2004).
Environmental stability of virions
For freshwater assays, water (temperature 10.8 1C) was col-
lected from Lake Washington in Seattle. For seawater assays, water
(temperature 8.6 1C) was collected off the North Jetty in Ocean
Shores, WA. Triplicate tubes of 30 mL of water from each water
sample were then inoculated with each virus genotype at a ﬁnal
concentration of 1105 pfu mL1 and placed at either 10 1C and
15 1C for freshwater, or 10 1C and 4 1C for seawater. A 1 mL water
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sample from each replicate tube was collected at regular time
points for up to 10 days post-inoculation and used immediately
for plaque assay. Plaque assay was performed on EPC cells (Batts
et al., 1991) using triplicate wells per sample (detection limit
3.63 pfu mL1). A single 30 mL sample of each water type was
held at each temperature and inoculated with virus-free media as
a negative control. No virus was detected from these samples.
Statistical analyses
Unless otherwise stated, all statistical tests were carried out in
R (version 2.11.1).
Viral growth kinetics and Mx-1 induction
Differences in viral replication kinetics were determined by
general linear model (GLM) analysis. The test performed was viral
load¼genotypeday collected. This analysis was run for each
genotype displacement pair, resulting in 3 tests. To control for
inﬂated type I error due to multiple tests we utilized a Bonferroni
adjustment (alpha¼0.05/3¼0.01667). Differences in Mx-1 tran-
scription were also determined by general linear model (GLM)
analysis: Mxfoldchangegenotypeday collected. The GLM ana-
lysis only includes ﬁsh that were virus-positive by RT-qPCR. Fish
that died prior to euthanasia were also excluded. The analysis was
also conducted setting all negative ﬁsh to the minimum detection
threshold of qPCR (100 copies g1 ﬁsh). This alternative analysis
did not change the overall conclusions for any genotype pair (data
not shown). This analysis was also conducted by using day
collected as a covariate and did not change the conclusions for
any genotype pair (data not shown).
Co-infection ﬁtness assays
GLM analysis was conducted as previously described (Wargo et
al., 2010; Wargo and Kurath, 2011). Brieﬂy, the dependent variable
was viral load with independent factors being genotype (007, 111,
110, or 139) and competition (co-infection or single infection). We
initially included experiment as a factor, but it was not found to be
signiﬁcant so it was dropped from all further analyses. We ran this
analysis separately for each displacement pair, resulting in 3 tests.
To control for inﬂated type I error due to multiple tests we utilized
a Bonferroni adjustment (alpha¼0.05/3¼0.01667). Viral load data
was log transformed to meet test assumptions of normality and
homogeneity of variances. The GLM analysis only includes ﬁsh
positive by RT-qPCR. The analysis was also conducted setting all
negative ﬁsh to the minimum detection threshold of qPCR
(100 copies g1 ﬁsh). This alternative analysis did not change the
overall conclusions for any genotype pair (data not shown).
Superinfection
Superinfection frequency data were analyzed in two ways:
exact multinomial goodness of ﬁt and Fisher exact tests as
previously described (Kell et al., 2013). The multinomial goodness
of ﬁt analysis tests for restriction of superinfection by determining
whether the frequency of ﬁsh in each of four infection status
categories (superinfected, primary virus only, secondary virus
only, uninfected) is signiﬁcantly different than the frequency
expected based on the single exposure treatments, as previously
published (Kell et al., 2013). This analysis was conducted for
individual experiments performed with each of three interval
periods, and for each reciprocal superinfection group (e.g. 007
before 111, and 111 before 007). To control for inﬂated type I error
due to multiple tests we utilized a Bonferroni adjustment
(alpha¼0.05/6¼0.0083) (Zar, 2010), and thus determined statis-
tical signiﬁcance using po0.0083). Fisher exact tests were used to
compare the frequency of ﬁsh in the four infection categories
between the two reciprocal superinfection exposure treatments in
each experiment, as previously published (Kell et al., 2013). We
carried out this test for each experiment/interval period and
genotype pair (007 versus 111, 111 versus 110, 110 versus 139). To
correct for inﬂated type I error due to multiple tests, we utilized a
Bonferroni adjustment alpha¼0.05/6¼0.0083) (Zar, 2010) and
determined statistical signiﬁcance using po0.0083.
To examine the impact of superinfection on within-host viral
load, GLM analysis was conducted as described previously (Kell et
al., 2013). The dependent variable was viral load with independent
factors being genotype (007 or 111, 111 or 110, 110 or 139),
competition (superinfection or single infection), order (ﬁrst or
second) and interval period (24, 48, and 96 h). For interaction
terms that were found signiﬁcant by GLM, Tukey HSD tests were
conducted to determine the precise treatment groups (levels of
factors) that differed. Viral load data was log transformed to meet
test assumptions of normality and homogeneity of variances. The
GLM analysis only includes ﬁsh positive by RT-qPCR and, in the
case of superinfection treatments, those which were positive for
both genotypes. The analysis was also conducted setting all
negative ﬁsh to the minimum detection threshold of qPCR
(100 copies g1 ﬁsh). This alternative analysis did not change the
overall conclusions for any genotype pair (data not shown).
Environmental stability
Triplicate wells were averaged for plaque number and mean
titer calculated for each replicate water sample. The natural
logarithm of these values were plotted as observed titer over time
and ﬁt to least squares linear regression model to determine viral
decay constant rates (Garver et al., 2013). The slope of the line is
the decay rate constant (k) per unit time. The 95% conﬁdence
intervals and correlation coefﬁcients (R2) were calculated to
determine variability within sample replicates and how well the
data ﬁt the exponential decay model, V(t)¼V0ekt (Garver et al.,
2013). Treatments were considered signiﬁcantly different if their
95% conﬁdence intervals did not overlap.
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